Several years ago, in 1898, I found a case in which a short cross-piece of Planaria maculata regenerated a head on its anterior cut surface and another on its posterior cut surtace. In 1900 1 found that if the head of Planaria lugubfis is cut off just back of the eyes a new head appears, as a rule, on the posterior cut surface of the head-piece. Later ,still (in 1902) I found that short cross-pieces through the region of the reproductive pore very often gave doubleheaded forms, --a head on each end. I also obtained a head on the posterior end of a head-piece of P. maeulata. BARDEE~ recorded (1902) finding a double-headed worm that had come from a crosspiece, and later (1903) he found that such pieces could be most frequently obtained from the pharyngeal region of the worm. He tried to connect this result with a supposed greater thickness of the nerve cords in this region.
The conditions that call forth these heteromorphic structures remained entirely unknown, and although I had tried several times to get an insight into the conditions in the cross-pieces, so that I could control their development, I did not succeed in doing so until the present summer of 1903.
I had observed that when the cross-pieces were moderately long (longer than broad) a heteromorphie head did not develop, but a tail always appeared at the posterior end. I also recalled that the hetermorphie heads had never been seen to appear when whole worms were cut into two long pieces through the same regions in which short pieces gave hetcromorphic heads. It appeared to me therefore possible that the result was connected with the shortness of the cross,pieces. In order to test this view I carried out two series of experiments in one of which the pieces were longer than wide, and in the other much shorter than wide. In the former series no heteromorphie heads developed; in the latter a number of pieces gave double-headed forms, and it was very noticeable that this occured most fi'equently in the shiniest pieces. Having determined this fact the question arose whether all the regions of the body have this capacity of producing hetermorphic heads. A number of worms were cut into short cross-pieces, and those fl'om a given region of the body were kept together.
In the first experiment the heads of the planarians were cut off a short distance behind the eyes. Then the posterior ends of these head-pieces were cut off. In several cases the latter cross-pieces produced a head on each end, Fig. A . The head-pieces also produced, in several cases~ a hetermorphic head.
The region between the head-piece and the pharynx was also cut into cross-pieces, and, from several of these, double-headed pieces were obtained, Fig. B . The region of the body containing the pharynx was likewise cut into short cross-pieces~ and these gave a similar result. Cross-pieces fl'om the region behind the pharynx also gave some double-headed pieces, and here, once more, I seemed to obtain these double pieces more often than from the more anterior regions of the body; but whether this is only because shorter pieces are more easily obtained here, or because more of the very short pieces from this region survive the operation, remains an open question. Owing to the death of a large number of the very short cross-pieces it is difficult to determine whether one region is more prone to produce hetermorphic heads than another. The following experiments give some further results that bear on this point. The region between the head and the pharynx was cut up into very short cross-pieces. The greater number of these pieces died. Of the survivors, one piece was double-headed, five had a head and a tail, and one piece had a head on one end and the other end was closed. Of the short cross-pieces fl'om the region of the pharynx of these same worms, there was one two-headed piece, and the remaining fourteen had a head and a tail. Of the short pieces fl'om the region behind the pharynx (to near the end of the tail), one had two heads, one had a head and a tail, and one had a head and a closed tail-end. These results are too meagre to show any greater tendency in one part than in another to produce double-headed forms.
At first sight it seemed hopeless to find an explanation that would account for the development of a hetermorphie head at the posterior end of these short cross-pieces, and also at the posterior end of the head-piece cut off just behind the eyes. The latter result appears to belong to the same category as the development of a hetermorphie head in the earthworm when the anterior end of the worm is cut off and kept alive by grafting on another worm. The reg:eneration of a heteromorphie tail in the earthworm from the anterior cut end of a tail-piece seems to call for a similar explanation, as does also the same process that takes place in the tail of the tadpole. In the first case the most obvious explanation is that the old head influences the new part in such a way that it produces another head instead of a tail, and in the latter cases the old tail influences the new part so that a new tail and not a head is produced. On the other hand in the double forms that develop from cross-pieces of the planar:an it is not obvious at first how the same explanation could be applied, for these cross-pieces may come from any region of the body. If however it be assumed that the developing head on the anterior end of these cross-pieces exerts an influence on the new material forming at the posterior end, the result would be the same as in the other cases referred to above. This view might appear all the more plausible because the double heads appear only on short pieces in which the possibility of influencing the posterior material through the old pal~ might be greater than in longer pieces. On this hypothesis, therefore, it might appear possible to bring under one point of view all the different cases of heteromorphosis. I attempted to put this view to the test of experiment with the results to be described in the next section.
The Position of the Heteromorphic Head in Oblique Pieces.
I had observed that the double-headed pieces not infrequently bulged out more on one side than on the other, as shown in Fig. B . In fact it appeared to me, at one time, that the production of the heteromorphie head might be connected with the obliquity of the posterior cut-surface, but I have convinced myself that no such necessary connection exists:
If the working hypothesis that I had formed were correct we should expect to find in oblique pieces the heteromorphic head, appearing opposite the other head, as in Fig. C , and since the anterior head lies, in oblique pieces, far over to one side, we should expect the heteromorphlc head also to lie on one side and on the same side of the piece, as the anterior head, Fig. C . It should be pointed out that when a tail regenerates at the posterior cut-surface of an oblique piece, it appears also at one side, but at the more H F t A Double-headed worm from short cross-piece immodiatly behind head. B From a cioss-piece in anterior region of worm. C Diagram of oblique piece. D From an oblique piece l~ke C. E From an oblique piece like C. F ~Long piece% whoso ends were cut off at cl'oss-lines, after 24 hours, %o give short cross-pieces.
G Diagram of a short piece with oblique anterior and posterior ends making au angle with each other. H From a piece cut off as shown in G. I From a piece cut off as shown in 6.
posterior side of the piece. Consequently the new heteromorphic head would not lie where the material develops fastest to make a tail, but at the opposite side of the posterior cut surface. This, in fact, proved to be the case. Some of the different double-headed forms that developed from these oblique pieces are drawn in Fig's . D, E. At a stage like that represented by Fig. D . it would not be easy to determine whether the posterior head lies to one side of the posterior cut surface, as it appears to lie in the figure, or whether it occupies the entire cut surface, and bends forward as the worm crawls. In a few cases, however, in which the new head had only begun to develop it was not at all difficult to see that the heteromorphie head lay at one side of the cut surface, and on that side that is opposite the anterior head. This result seemed, .therefore, to conform to the requirements of the theory.
There is, however, another fact which I had overlooked at first; namely, that the position of the heteromorphic head is what we might expect, a priori, even if the anterior head had no influence on its development. The heteromorphic head develops from the more anterior part of the new material on the posterior cut surfac% and this is the position in which we should expect it to lie were it to develop independently of the anterior head; for it seems to be a rule in these planarians that a head develops from the most anterior part of the new material in which it appears. The result, while in conformity with the hypothesis, fails to establish the point of view.
It seemed to me possible to test the proposed hypothesis by means of a different sort of an oblique piece. If as shown in Fig. G , a narrow piece is cut out by 'two oblique cuts that make an angle with each other, the anterior head ought to appear to one side of the piece (the left in the diagram), and the posterior head ought to appear to the left (in the diagram) if it is formed under the influence of the anterior head, but to the right (as shown in the diagram) if its position is determined by the more anterior part of the new material on the posterior cut edge. This experiment ought to give a decisive answer to our problem. In practice, however, I found, that unless the oblique surfaces were very oblique, the new heads occupied so much of the cut surface that 1 could not determine to which side of the piece it lay. If on the other hand the pieces are cut off very obliquely then one side becomes necessarily so long that the piece gives rise to a head and a tail. I could not therefore solve the problem by this experiment, but in the future I shall hope to give it a further trial. In several cases I obtained two-headed worms from pieces of this kind, but, as shown in Figs. H and I, the new heads occupied apparently all of the cut-surface, or at least so much of each that one could not be sure that the head lay more to one side than to the other.
T.H. ]~'Iorgan
The Effect of Giving One End of a Short Cross-Piece a Start on the Other End.
A long cross-piece was cut out of the worm and its two cut ends allowed to heal over and to begin to regenerate. The anterior and the posterior ends of such a piece were then cut off after one, two, or three days~ Fig. F . One end of each short' piece would therefore have a start on the other. The short piece from the anterior end of the long piece would have the material on its anterior cut surface a day ahead of that on its posterior cut surface. Under these circumstances the head developing on the more advanced end ought, on the hypothesis~ to produce a stronger influence on the material at the posterior end, than when the two ends were developing at the same rate. Conversely, the short piece cut from the posterior end of the longer piece would have the material on its posterior end more advanced than the material on the anterior end, and consequently we should expect thel:e would be a smaller tendency for these pieces to produce double-headed worms, and possibly double tailed forms might develop.
9 In the first series, a long piece from the region between the head and the pharynx was cut out. After 24 hours the anterior and the posterior ends of these pieces were cut off, Fig. F , and all kept together. Of the four pieces that survived and regenerated two were double-headed. From the same worms long pieces containing the pharynx were also cut out, and after 24 hours the ends were cut off. Of the surviving pieces one out of seven had a double head, the rest had each a head and a tail. The long piece fl'om the region behind the last was treated in the same way. Of the six surviving end-pieces each had a head and a tail.
Another similar series gave for the short pieces from the anterior region two double-headed pieces out of the four that survived; from the middle (pharynx) pieces two out of eight were double-headed. Of the pieces from the reproductive region there was one doubleheaded piece out of the four that survived. In this series the tail end was also preserved~ and its anterior cut surface allowed to close and to begin to regenerate, when it was cut off as in the other experiments. Of these short cross-pieces two out of seven gave double heads.
With the exception of the last taii-pieces the short pieces from the anterior and posterior ends of the longer pieces were kept to-gether; The results are, therefore, from one point of view inadequate to answer our question, since of the surviving: pieces I could not tell which had come from the anterior and which from the posterior ends of the larger pieces. In the following experiments the anterior pieces were kept together and the posterior also by themselves. In the first series 48 hours elapsed before the end pieces were cut off, and in the second series 72 hours.
Of the small pieces from the anterior ends of the long pieces (fi'om the anterior region), all of the four surviving pieces had a head and a tail, and of the pieces from the posterior ends all three had a head and a tail. Of the small pieces from the anterior end of the long pieces from the middle region all five had a head and a tail and from the posterior ends three had a head and a tail and one was two-headed. Of the small pieces from the anterior end of the long" pieces from the posterior region all six had a head and a tail and this was true also for the posterior ends of the same pieces.
These results, far from showing an increase in the number of double-headed pieces from the anterior end% show, if anything, the lack of heteromorphie heads in such pieces. That this was not due to any peculiarity in the worms that had been used was shown by the fact that after the ends had been cut off, the middle regions of the long pieces were cut up into very short cross-pieces, and of those that survived six out of thirteen had double heads; that is, nearly half of them were double-headed.
In the other experiment of the same sort, in which a longer interval elapsed after the first cut, each of the end pieces had a head and a tail. The pieces may have been too long, but the fact remains that fewer double-headed worms were obtained than when both ends started to regenerate at the same time. From this experiment, which should however be carried out on a larger scale, it does not appear that the start given to the anterior end results in a larger number of double forms, as we should expect on the hypothesis. In the light of this result it seems to me probable that this point of view is not correct.
Discussion and Conclusions,
It has seemed to me desirable to give a narrower meaning' to the term heteromorphosis than that given to it by LoEB and by several recent writers. I apply it only to those eases in which the new part shows a reversed polarity with respect to the part from which it arises. The relatively few eases of axial heteromorphosis' that are known have been obtained, with the exception of certain hydroids, when pieces near the ends of the animal have been cut off, and it may appear from this that there is some peculiarity eonnee~ ted with the ends that brings about this result. On the other hand this idea has failed to throw much light on the phenomenon, and is clearly inapplicable to the present case of Planaria. It is desirable, therefore, to look in some other direction for an answer to our problem.
In the Hydroids it has been shown in Tubularia, in Eudendrium, and perhaps in Antennularia antenniua, that an external factor brings about the development of heteromorphie structures. In the case of Tubularia, at least, the action of the water on the posterior end appears to cause a reversal of the polarity. In Antennularia ramosa on the other hand it has been shown by STEVENS that the region of the stem from which the piece is taken is the most important factor in the result. Curiously enough the pieces from the distal end appear to have a strong tendency to produce roots at both ends, while pieces from the basal part of the stem generally produce stems at both ends. The problem is rather "a special one here, for, it appears, that the so-called roots are, in reality, stolons that have the power to produce new stems.
The results that have the most fundamental bearing on this question of polarity are those of PEEBLES and of KInG on Hydra. Pieces of hydra produce as a rule a head on one end and a foot on the other end. If, however, two short pieces are grafted together by their anterior ends one of the free ends will produce a heteromorphic head and the other a normal foot. The polarity of one piece has been reversed and a single and complete individual formed. The most important fact in this connection was determined by grafting pieces of different lengths together, when it was discovered that i.t is the larger piece that causes the reversal of the polarity of the smaller piece, so that the latter develops at its free end a hetero~ morphie head (or rather hypostome,'mouth, and tentacles).
On first thought it may appear that this result in hydra is the same as that, which, on the hypothesis suggested above, was supposed to take place in the short pieces of planarians in which I assumed that there is also an influeneee through the old part so that ~he polarity of the material at the posterior end is reversed. There is, however, a fundamental difference between the two cases. It is the polarity of the larger component of the united pieces of hydr'g that is supposed to change in its own direction the polarity of the smaller piece, while in the short cross-pieces of planarians the influence of the anterior head would have to be assumed to be of such a sol~, that it causes the material at the posterior end to become polarized in the opposite direction. This consideration also goes to show that the hypothesis first suggested is probably incorrect.
Those who hold the view that regenerative phenomena can be accounted for on the assumption that there are reserve cells in the different region of the body that are potent to produce certain structures, heads and tails for instance, might attempt to account for heteromorphosis by the supposition that at the ends of the body only certain kinds of these ceils exist, head-forming cells in the head region and tail-forming cells in the tail region. This way of accounting for the results has, I think, been found, unsatisfactory. In the first place, the new head and the new tail do not come from a single cell, but from a large number of cells that all combine to produce a single structure. Each ceil must have a very wide range of possible regions that it may occupy in a new part. In the second place, it would clearly be absurd to attempt to apply this sort of an explanation to the double-headed pieces of planarians since heteromorphic heads may appear at any level. Furthermore since each level may become the anterior or the posterior end of a piece we must conclude that in longer pieces at every level a head or a tail may develop and the presumption is that a head or a tail may develop out of the same cells, but this is not essential to the present consideration. It is evident, I think, that in longer pieces the result depends on the relation of the new to the old part, and the question arises as to what this relation consists in. At present we can only refer it to the phenomenon that we call polarity. Here also we must look, I believe, for the solution of our present problem of the heteromorphie head. I offer, therefore, the following tentative hypothesis.
In very short pieces the two ends are so nearly alike, or what amounts to the same thing', the polarity of the piece is so slight, that it has no deciding influence on the kind of new part that develops. Under these circumstances we must assume that the new material that appears over a cut surface always produces a new head in Planaria maculata. At present we have little evidence from which to decide whether it is an internal or an external factor that determines, in the absence of polarity, that a head regenerates. In Planaria maculata it seems that the material throughout the body will produce a head unless the polarity of the piece decides that the new part shall become a tail. In the earthworm we shall have to assume that in the head-region there is a stronger tendency of the new material to make a head, even at the posterior end, if the piece is so short that its polarity ceases to be effective. In the tail-region, on the other hand, we must assume that there is a stronger tendency for the new material to make a tail i even at the anterior end, if the polarity of the piece is reduced. I suggest this as a tentative hypothesis and am not unaware that the assumption can not be conclusively established at present. As a working hypothesis however the ideas here suggested may: I hope, lead to further experiments.
It has been supposed by BARDEEbl that the heteromorphic head in planarians is due to the influence of the nervous system that is exposed at the posterior cut end, and since he obtained these heads more frequently, in the region of the pharynx, he examined the nerve cord in that part and thought on the whole that it was somewhat thicker there. That he may have found this condition in one or more cases (he does not state how many individuals seemed to show this) is not surprising to any one familiar with the action of killing fluids on planarians, which cause them to contract violently, and the extent of the contraction is often different in different regions. I have taken the trouble to cut into serial sections three individuals of _Planaria maculata and can state that no such thickening occurs, but the nervecord gradually tapers from its anterior to its posterior end. The inadequacy of BARDEEN'S assumption is further apparent, since I have been able to obtain these heteromorphic heads at all levels in the worm. In the light of these facts I do not think BARDEE~'S suggestion can be given very serious consideration.
This notion of BARDEEN'S is in line with a more general suggestion that he has made as to the supposed influence of the nervous system in the regeneration of a new head. It would not be profi § table to discuss this point at length, since the only observations, or rather deductions, on which it rests can now be shown to be erroneous. He states that longitudinal pieces cut far out at the side of Planaria ~naculata, so that the longitudinal nerve-cords are not cut, are incapable of forming a new head, or at least he did not obtain any such results from them. From this faillure to obtain he~ds he concludes that the result is due to the absence of nervecords in the pieces. At my suggestion Miss ~q. M. STEVENS cut Off side pieces from Planaria lugubris. That these pieces did not contain any part of the nerve cords was demonstated by cutting sections of the worm from which each piece had been removed. In Planaria lugubris this operation is very easy, since the nerve cords do not lie so far out at the sides as they do in Planaria maculata. The side pieces always produced heads! In order that it might not be said that this experiment was made on a different species from that which BARDEEN employed and therefore did not apply~ I have carried out the same operation on large individuals of Planaria maculat G and in all cases in which the pieces were large enough I found that new heads developed. The original worms were in each case also sectioned, and these showed that the nerve-cord had not been cut. Therefore until BARDEE• brings forward better evidence in favour of his conjectures than he has as yet produced, we must look, I believe~ in other directions for an explanation of the regeneration of heteromorphic heads t).
Finally I should like to point out that narrow pieces from the side without any nerve cord in them, often produce a head at the cut edge using up, in its formation~ all of the material at the side. This i"esult~ which I first observed in 1898, and described quite fully, has interested me for some time, but its explanation did not occur to me until I had formed an opinion as to the cause of the origin of the heteromorphic heads. The explanation is I think the same in both cases; namely, it is due to the absence of sufficient polarity in the short pieces to determine that the head shall be limited to a part only of the new material. All of the new material, if the piece is not too long, is used up in the formation of the new head. If the piece is long two heads are often found side by side in the new material and no other structures are produced. Here also we find, I think, fairly good evidence pointing to the conclusion that in the absence of polarity the new material produces a head.
1) The question as to whether side pieces without any of the two main nerve-cords in them can produce a head is a different one from that as to whether, if a piece of the nerve-cord is present, it may not have some influence in locating the new nerve-cord. BARDEE:N has not, I think, sufficiently kept this distinction in mind. Even in narrow lateral pieces some of the lateral nerve-paths are present, but whether they play any part in locating the brain in the new head remains to be determined. i) The regeneration of a head on the posterior end of a crosspiece of Planaria maculata is due to the shortness of the piece; the shorter the pieces the larger the proportion of double-headed worms (Fig. A) that are obtained. Long pieces do not produce heteromorphic heads.
2) Short oblique pieces (Fig. C) also often produce heteromorphic beads. The posterior head lies at the same (lateral) side of the piece as does the anterior head (Fig. C, D, E) .
3) If a long cross-piece (Fig. F) is cut out and its ends allowed to begin to regenerate, and if then its anterior end is cut off, there is no greater proportion of double-headed worms obtained than when short cross-pieces have both ends regenerating at the same rate. This result indicates that the development of the heteromorphic head is not due to the influence of the anterior head. 4) Our analysis of the conditions that lead to the devolopment of the heteromorphic heads in short cross-pieces of Play,aria ~naczt-lata leads to the conclusion that there is always a stronger tendency in the material that develops over a cut surface to produce a head than to produce a tail, and that a head will appear unless the polarity of the piece is sufficiently strong to overcome this tendency, and cause a tail to regenerate. Long pieces therefore produce a tail at their posterior ends, and only very short pieces, in which the polarity is reduced, a heteromorphic head. 5) A similar explanation is extended to other cases of axial heteromorphosis. In some of these, as in the earthworm, it is assumed that in the anterior region the new material is more strongly predisposed to produce a head, and in the tail region a tail. When the polarity is reduced in these regions the heteromorphie structure appears. 6) Pieces from the side of Planaria ~naculata and Pla,~aria htg~&ris that do not include any part of the main nerve cord regenerate a head. The lateral position of the heads in these pieces is probably also connected in part with the lack of strong polarity in the pieces.
Zusammenfassung,
1) Die Regeneration eines Hauptes am hinteren Ende eines dureh Qnerschnitte erhaltenen Sttieks yon Pl~naria maculata ist yon der Krirze des Stiicks abh'~ngig; je ktirzer das Striek, in desto grSf3erem Verhitltnis treten die erh~l-tenen zweik(fptigen Wiirmer auf (Fig. A) . Lange Stricke produciren keine heteromorphischen H~upter.
2) Kurze, sehr~ig geschnittene Stiicke (Fig. C) erzeugen gleiehfalls oft heteromorphlsche Hiiupter. Das hintere Haupt liegt auf derselben (lateralen) Seite wie das vordere ! Fig. C, D, .E 
